Mechanical incorporation of metallic particles in the Sn-Ag-based solder re sulted in various intermetallic compound (IMC) morphologies around these particles during reflow. Unlike with the Ni particles, the IMCs formed around Cu and Ag particles are relatively insensitive to reflow profiles employed. The IMC formed around the Ni particles ranges from "sunflower" morphology to "blocky" morphology with increasing time and temperature above liquidus dur ing the heating part of the reflow profile. Mechanical properties, such as simple shear strength and creep behavior, of these composite solders were affected by the IMC morphologies in the composite solders investigated. Sunflower-shaped IMC formed around an Ni particles resulted in higher simple shear strength and better creep properties.
INTRODUCTION verting metallic particles during reflow. Mechanical Among potential candidates to replace lead-bearproperties of the composite solder joint will also ing solders, Sn-based solders have gained signifidepend on the type of IMC and its morphological cant attention as a possible substitute because of features. their comparable performances. Severe operational Studies dealing with the formation of an IMC environments, such as automotive under-the-hood around intentionally incorporated Cu, Ag, and Ni applications and the miniaturization trend in elecparticles within the eutectic Sn-Ag matrix have tronic devices, require that solder joints not only be shown that various morphological features can re a reliable electrical interconnection but also have sult as a consequence of the reflow condition. 11 For structural integrity. Several approaches have been example, the IMCs formed around Ag particles nei reported to improve Sn-based solder properties, ther change significantly in volume nor change their such as mechanical strength, creep resistance, thermorphology under different reflow conditions. Cop momechanical fatigue resistance, solder joint reliaper particles in reinforced-composite solders show bility, etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The composite approach is one of the significant growth of IMC layers that can completely consume the Cu particles. However, this composite also does not exhibit significant changes in IMC morphology as a consequence of reflow profiles. The joint depends on the reinforcing phases present.
IMC formed around the Ni particle in the Sn-AgSuch reinforcements can be introduced by in-situ based solder matrix exhibits significantly different methods or by mechanical means. Compatible intermorphological features based on reflow profiles and the presence of Cu. Because these features may im pact the mechanical behavior of actual solder joints, potential methodologies to improve the properties of lead-free solder joints. The mechanical behavior of the composite solder the current study evaluates the roles of morphologi cal features of the reinforcing phases on the me chanical properties of the Sn-Ag-based composite solder joints.
EXPERIMENTAL PROCEDURES

Preparation of Composite Solder Joints
Three different types of composite solder joints based on the eutectic Sn-3.5Ag composition were used in the present study. The composite solder materials were prepared by mechanically mixing (1) ϳ10-µm Cu, (2) ϳ1-µm Ag, and (3) ϳ5-µm Ni particles into eu tectic Sn-Ag solder paste for about 20 min to promote uniform particle distribution. These composite solder materials contained approximately 20 vol.% rein forcements. The details of the preparation of these composite solders can be found elsewhere. 8 Single shear-lap joints were produced by soldering two dogbone-shaped Cu strips using one of the composite solder pastes. The solder joints were made by placing the entire assembly in a fixture and melting the sol der on a preheated hot plate until it reached a peak temperature of 280°C. These joints had approxi mately a 1 mm × 1 mm joint area and a thickness of about 100 µm. Details of the fabrication of the solder joints can be found elsewhere. 12 Solder reflows were carried out with a heating rate of 5°C/sec to reach 280°C and cooling down on an aluminum chill block. 11 Such a reflow profile re sulted in a sunflower morphology of the IMC around the Ni particles. Repeating this reflow four times converted this IMC morphology into a blocky shape.
After making the composite solder joints, both sides of the joint were roughly polished to remove extruded solder from the edges. This was followed by fine polishing of one side of the joint to observe the microstructure prior to and after mechanical testing. The morphology of the IMC phases at the particle/solder interface within the solder joint matrix was characterized using scanning electron microscopy (SEM).
Shear Test
The shear tests were carried out on a Rheometric Solids Analyzer (RSA-III) made by Rheometric Scientific, Inc. (Piscataway, NJ) at the various sim ple shear rates of 0.001/s, 0.01/s, and 0.1/s at differ ent temperatures (25°C, 85°C, and 150°C). Details regarding the performance and advantages of this apparatus can be found elsewhere. 12 The simple shear value for each tested solder joint was calculated by dividing actual displacement im posed on the joint by actual joint thickness. This pa rameter is too large to be termed as "shear strain," so "simple shear" would be a more appropriate term. 12, 13 Likewise, the term "simple shear rate" is used instead of the term "shear strain rate." The simple shear rates imposed were obtained by choos ing appropriate displacement rates depending on ac tual solder joint thickness. The detailed explanation of the nomenclature and calculation for simple shear and simple shear rate can be found elsewhere. 12, 13 The actual shear-stress values were obtained by dividing the load by the solder joint area after sub tracting the pore area observed in the fracture sur faces. Because the RSA-III used in this study is an extremely soft machine and controls displacement rather than strain, the reported simple-shear values are already corrected for the compliance of the ma chine. The machine compliance value was obtained by testing a copper specimen with geometry similar to the solder joint specimen. This specimen was made with hard epoxy, instead of the solder, to hold the two copper strips together. After obtaining the machine compliance value, actual displacements im posed on the solder joint were obtained by subtract ing the deformation of the machine and the copper strips from the imposed displacement.
After the completion of the shear test on a given specimen, deformation structures were observed from the fine-polished side surfaces of the solder joints using SEM.
Creep Test
Creep testing was carried out on these solder joints, marked with a laser pattern or a scratch, 14 using dead-weight loading on a miniature creeptesting frame fixed on an optical microscope. The de formation of the polished side of the solder joint was monitored using a Kodak (Rochester, NY) chargecouple device camera connected to a microscope and a computer. The creep data were obtained by mapping the time-sequence images of the distorted laser-ablation patterns or a scratch mark at set time intervals. Creep tests were conducted at 25°C and 85°C on the solder joints representing homologous temperatures T/T melt (°K) ϭ 0.6 and 0.72, respec tively. For elevated temperature tests, the solder joint was heated by conduction with a heating pad affixed to the Cu strip. The testing temperature was monitored by a thermocouple in close contact with the solder joint. The details of this creep-testing process and data-process technique is documented in previously published papers.
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RESULTS AND DISCUSSION
Microstructures of Composite Solder Joints
Typical microstructures of as-fabricated Cu-, Ag-, and Ni-composite solder joints based on the eutectic Sn-Ag solder are shown in Fig. 1 along with a Ni composite solder joint that had been reflowed four times. The Cu-composite solder joint has a scallopshaped IMC layer, whereas the Ag-composite solder joint has a very thin layer of IMC around the metal lic particles. The effect of multiple reflow on the growth of the IMC formed around Ni particle rein forcements can also be seen. The blocky morphology develops after the fourth reflow (Fig. 1d) , whereas the initial morphology of the IMC around the Ni particle is the sunflower shape (Fig. 1c) . A detailed explanation of these features can be found else where.
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Shear Test
The shear-stress versus simple-shear curves for the various composite solder joints tested at a simple shear rate of 0.001/s at each of the three tem peratures are shown in Fig. 2 . Shear-stress versus simple-shear curves as a function of strain rate at a testing temperature of 150°C are depicted in Fig. 3 . These plots are typical of those for the various tested conditions of simple shear rates of 0.001/s, 0.01/s, and 0.1/s at different testing temperatures of 25°C, 85°C, and 150°C. The maximum shear stress and the flow stress level of those composite solder joints depend strongly on both testing temperature and simple shear rate. Plots given in Fig. 4 show the maximum shear stress as a function of simple shear rate at different testing temperatures. The maximum shear stress increases significantly with increasing simple shear rate at all testing tempera ture ranges for all composite solder joints. Also, one can clearly observe that the maximum shear stress is strongly affected by testing temperatures. The maximum shear stress decreases with increasing testing temperature at all simple-shear rate levels for all composite solder joints. Figure 5 provides an overall comparison of the maximum shear stress of the composite solder joints as a function of temperature at a fixed, simple-shear rate along with that of the eutectic Sn-Ag solder joint. One can clearly observe that the as-fabricated, Ni-composite solder joint containing sunflower mor phology exhibited the highest maximum shear-stress levels for all test conditions followed by the Cu-com posite solder joint containing a scallop-shaped IMC layer around the Cu reinforcement. Both composite solder joints exhibited better shear strength com pared to the eutectic Sn-Ag solder joint. However, the Ag-composite solder joint, which contains a very thin IMC layer, exhibited the worst shear strength at all the conditions employed. The maximum shear-stress level of the Ag-composite solder joint is even lower than that of the eutectic Sn-Ag solder joint. The Ni composite solder joint, containing blocky IMC mor phology that resulted after four reflows, exhibited much lower shear strength than that containing the sunflower-shaped IMC.
The microstructures of the solder-joint side sur faces after shear testing at a simple shear rate of 0.01/s at 25°C and 150°C are shown in Fig. 6 . The deformation at 25°C is dominated by the shearbanding mode, whereas at 150°C, it is by a grainboundary deformation. The effect of reinforcing particles and IMC morphology formed around those metallic particles on the deformation features can also be seen. The shear bands do not propagate through the reinforcing particles but flow around these obstacles, suggesting that deformation is re tarded by these particles, causing composite solders to have much higher shear strength than the base solder material. However, the IMC formed around Ag is very thin, so that this effect is not sufficient to retard the propagation of shear deformation. shows Ni-and Ag-composite solder defor mation structures. These images indicate the roles of the IMC around reinforcing particles. This shows that the IMC, formed around all reinforcing parti cles, can be tortuous and retard the fracture path except those formed around the Ag particle. Figure 8 is a schematic showing the fracture path in these composite solders. The fracture path in the Cu composite solder follows the interface between the Cu 6 Sn 5 IMC and the solder. In the Ag-composite solder, the fracture path not only follows the inter face of the thin IMC layer and solder, but also cuts through the particles. In the Ni composite with sun flower IMC morphology, the fracture encounters a tortuous path. In the Ni composite with blocky IMC morphology, the fracture cuts through the Cu-Ni-Sn IMC layer and follows the interface between Ni and the IMC. This path will be less torturous compared to the one encountered with the sunflower IMC morphology. The scallop-shaped IMC/solder inter face in the Cu-reinforced composite solder provides a situation that will be intermediate between the preceding two extremes.
The creep parameters can be extracted from the shear tests because homologous temperatures of these composite solder joints are greater than 0.5T m even at room temperature. The power-law creep equation 18 gives good fits for the simple shear rate versus maximum shear stress relationship from these composite solder joints' shear data at 25°C, 85°C, and 150°C. The creep parameters from the shear tests were depicted in Figs. 9 (stress expo nent) and 10 (creep activation energy), respectively. Again, the Ni-composite solder joint containing the sunflower-shaped IMC exhibited the highest aver age stress-exponent value of ϳ12.9, and the stressexponent value at each testing temperature is much higher than that of the eutectic Sn-Ag solder joint obtained under similar test conditions. 12 These re sults are the probable causes of getting higher creep activation energy for Ni-composite solder joints, as provided in Fig. 10 .
Creep Test
Steady-state creep rates of composite solder joints with the Ni-composite solder having a blocky IMC morphology were measured under a nominal stress at 17 MPa using a miniature creep-testing frame. These tests were conducted at 25°C and 85°C on the Ni-composite solder joint with the blocky-shaped IMC. These data are plotted as a function of testing temperature in Fig. 11 and compared in the same figure with previously reported steady-state rates for the Ni-composite solder joints with sunflower IMC morphology, Cu-reinforced composite, Ag-reinforced composite, eutectic Sn-3.5Ag, and Sn-4Ag-0.5Cu sol der joints tested under similar experimental condi tions. 9, 15 The previous creep tests have been carried out at 25°C, 65°C, and 105°C. It is clearly shown in this superimposed figure that the Ni-composite sol der joints with sunflower IMC morphology exhibited the lowest steady-state creep rate. At both room tem perature and 85°C, the Ni-composite solder joints containing blocky reinforcements had a steady-state creep rate higher than the Ni-composite solder joint with sunflower IMC morphology as well as the com posite solder joints made with Cu reinforcements. However, these composite solder joints showed bet ter creep resistance than the Ag composite, eutectic Sn-3.5Ag, and the ternary Sn-4Ag-0.5Cu solder joints. It is reasonable to relate the IMC morphology of the reinforcement particles to the ranking of creep resistance of these composite solder joints. Sunflower-shaped IMC reinforcements improve the creep resistance of the solder joints more than the blocky-shaped IMC reinforcements because of the strengthening effect from their sunflower petals, which primarily provide a tortuous path for deformation of the solder joints during creep. The Cu-composite solder joints have scallop-shaped IMC morphology with a shape similar to a sunflower with thicker and shorter petals. Therefore, Cu-composite solder joints also showed a lower steady-state creep rate than the Ni-composite solder joints with blocky IMC morphology. The Ni-composite solder joints with blocky IMC morphology did improve the steadystate creep behavior because of the thick IMC formed compared to the Ag-composite solder joints in which only a barely noticeable IMC layer was formed around each Ag particle. In general, to improve the creep resistance of the eutectic Sn-3.5Ag solder joint, the formation of a spatially extended IMC is the pre requisite. The morphology of the IMC determines the extent of improvement. The sunflower-shaped IMC morphology tends to render better mechanical properties to the solder joint as compared to the blocky-shaped morphology.
SUMMARY AND CONCLUSIONS
• The IMCs with different morphologies can be formed around reinforcing phases, depending on reinforcing particles and reflow conditions. Because the IMC formed around the Ni particle is sensitive to reflow profiles, it changes in shape from sunflower to blocky morphology with increasing time and temperature above liquidus.
• Maximum shear stress and the flow stress level of composite solder joints are strongly affected by testing temperature and simple shear rate.
• The Ni-composite solder joint containing sun flower IMC morphology exhibits the highest shear strength among the composite solder joints tested. The Ni-composite solder joint containing blocky IMC morphology exhibits much lower maximum shear stress than the Ni-composite sol der joint containing sunflower IMC morphology at all test conditions. • Grain-boundary deformation can be seen in the specimen deformed at 150°C, while shear bands dominate deformation at 25°C. • The reinforcing phase in the composite solder joint may act as an obstacle to retard the propa gation of deformation.
• The Ni-composite solder joint containing sun flower IMC morphology exhibits the best creep performance just as it behaves in the shear test.
